We derive a point-mass (nonspinning) frequency-domain TaylorF2 phasing approximant at quasi-5.5 post-Newtonian (PN) accuracy for the gravitational wave from coalescing compact binaries. The new approximant is obtained by Taylor-expanding the effective-one-body (EOB) resummed energy and and angular momentum flux along circular orbits with all the known test-particle information up to 5.5PN. The -yet uncalculated-terms at 4PN order and beyond entering both the energy flux and the energy are taken into account as free parameters and then set to zero. We compare the quasi-5.5PN and 3.5PN approximants against full EOB waveforms using gauge-invariant phasing diagnostics Qω =ω 2 /ω, whereω is the dimensionless gravitational-wave frequency. The quasi-5.5PN phasing is found to be systematically closer to the EOB one than the 3.5PN one. Notably, the quasi-5.5PN (3.5PN) approximant accumulates a EOB−PN dephasing of ∆Ψ EOBPN ∼ 10 −3 rad (0.13 rad) up to frequencyω 0.06, 6 orbits to merger, (ω 0.086, 2 orbits to merger) for a fiducial binary neutron star system. We explore the performance of the quasi-5.5PN approximant on the measurement of the tidal polarizability parameterΛ using injections of EOB waveforms hybridized with numerical relativity merger waveforms. We prove that the quasi-5.5PN point-mass approximant augmented with 6PN-accurate tidal terms allows one to reduce (and in many cases even eliminate) the biases in the measurement ofΛ that are instead found when the standard 3.5PN point-mass baseline is used. Methodologically, we demonstrate that the combined use of Qω analysis and of the Bayesian parameter estimation offers a new tool to investigate the impact of systematics on gravitational-wave inference.
I. INTRODUCTION
The data-analysis of GW170817 [1] relied on gravitational waveform models that incorporate tidal effects. The latter allow one to extract information about the neutron star equation of state (EOS) via the inference of the mass-weighted averaged tidal polarizability parameterΛ [2] [3] [4] [5] [6] . The understanding of the systematic uncertainties on the measurement ofΛ due to the waveform model/approximants have been the subject of intensive investigation in recent years. For example, building on the work of Favata [7] , Wade et al. [8] investigated the performance of different PN inspiral approximant within a Bayesian analysis framework for the advanced detectors and found that the choice of approximant significantly biases the recovery of tidal parameters. Later, a similar Bayesian analysis in the case of LIGO and advanced LIGO detectors was carried out by Dudi et al. [9] who concluded that the TaylorF2 3.5PN waveform model can be used to place an upper bound onΛ. The same conclusion was drawn also by the study of the LIGO-Virgo collaboration [5] .
Beside interesting per se' because done in the precise setup that is relevant for data analysis, these studies collectively stress the paramount need of having an analytically reliable description of the phasing up to merger. The tidal extension of the effective-one-body (EOB) [10, 11] description for coalescing compact binaries was introduced in [12] and developed during the last ten years [13] [14] [15] [16] [17] [18] with the goal of providing robust binary neutron stars (BNS) waveforms to be used in gravitational-wave inference. While analytically more accurate, EOB waveform generation is usually slower than PN. Different routes have been explored to speedup EOB approximants. One possibility is to construct surrogate waveform models [19, 20] . Another possibility is to conjugate the efficiency of a PN approximant with the physical completeness of the EOB model; the NRTidal family of approximants partly answers to this question [21, 22] . A third approach relies on the development of fast approximations for the solution of EOB equations, for example using the high-order post-adiabatic approach of Ref. [23] (See also [17, 18] .) However, none of the methods described above provide us with waveform generation algorithms faster than PN. Although it is well known that inspiral PN approximants might be problematic, they retain the advantage of being the most efficient for Bayesian inference.
One important source of systematics in BNS inspiral waveforms resides in the description of the nontidal part (see e.g. [24] ). The practice that became common after the observation of GW170817 is to augment standard point-mass model with the tidal part of the phasing. A natural step is thus to improve the accuracy point-mass PN approximant beyond the current available. In this paper we introduce a nonspinning, point-mass, closed-form frequency-domain TaylorF2 waveform approximant at quasi-5.5PN order (Sec. II). The new approximant is obtained by PN-expanding the adiabatic EOB dynamics along circular orbits. As such, it delivers a phasing representation that improves the currently known 3.5PN one. We show that, when applied in the GW data analysis context, the new phasing description allows one to strongly reduce the biases in the recovery of the tidal parameters that are usually present with the 3.5PN TaylorF2 point-mass (Sec. III).
In the following, the total gravitational mass of the binary is M = m 1 + m 2 , with the two bodies labeled as (1, 2) . We adopt the convention that that m 1 ≥ m 2 , so to define the mass ratio q ≡ m 1 /m 2 ≥ 1 and the symmetric mass ratio ν ≡ m 1 m 2 /M 2 , that ranges from 0 (test-particle limit) to ν = 1/4 (equal-mass case). The dimensionless spins are addressed as χ i ≡ S i /m 2 i . We also define the quantities
) and X 2 = 1 − X 1 . Following Refs. [16, 18, 25] , it is also convenient to use the following spin variables or spinrelated quantities:
If not otherwise specified, we use geometric units c = G = 1. To convert from geometric to physical units we recall that GM /c 3 = 4.925491 × 10 −6 sec.
II. QUASI-5.5PN-ACCURATE ORBITAL PHASING
Building upon Damour et al. [2] , Ref. [25] illustrated how to formally obtain a high-order PN approximant by PN-expanding the EOB energy E EOB and energy flux F EOB along circular orbits. Stopping the expansion at 4.5PN, allowed one to obtain a consistent 4.5PN approximant with a few parameters needed to formally take into account the yet uncalculated ν-dependent terms in the waveform amplitudes at 4PN. Here we follow precisely that approach, but we extend it to 5.5PN accuracy. To get the waveform phase in the frequency domain along circular orbits, we start with the gauge-invariant 1 description of the adiabatic phasing given by the function
where x ≡ (M Ω) 2/3 , with Ω the orbital frequency along circular orbits. The high-order phasing approximant is obtained by Taylor-expanding the above equation and then by solving the equation
1 In the sense that it is independent of time and phase arbitrary shifts.
wheref ≡ M f ≡ Ω/2π. The double integration of Eq. (2) delivers Ψ 5.5PN (f ) modulo an affine part of the form p + qf , where (p, q) are two arbitrary integration constants that are fixed to be consistent with the usual conventions adopted in the literature for the 3.5 PN approximant [26] . We consider here only nonspinning binaries (the reader is referred to Appendix B for the discussion of the spin case). The corresponding, circularized, EOB Hamilto-
, where j is the orbital angular momentum along circular orbits, u ≡ M/R the inverse radial separation and A(u) is the EOB interaction potential kept with a 5PN term ν(a is the Newtonian (leading-order) contribution andF m is the relativistic correction. Each multipolar contribution within the EOB formalism comes written in factorized and resummed form aŝ
Here,Ŝ ( ) eff is the effective source, that is the effective EOB energyÊ eff (x) ≡ E eff /µ when = 0 ( + m=even) or the Newton-normalized orbital angular momentum when = 1 ( + m=odd). The square modulus of the tail factor T m resums an infinite number of PN hereditary logarithms [27, 28] . We use the relativistic residual amplitude (ρ m ) information reported in Eqs (7)- (18) of Ref. [25] , where the unknown high-PN coefficients (polynomials in ν) have been parametrized by some coefficients c m . We include for consistency all the coefficients to go up to the = 7, m = even multipoles. From Eq. (1) one obtains the following PN-expanded expression
The coefficients of this expansion, that are reported in full in Appendix C, have the structure
i is the ν-independent (test-particle) part, fully known analytically, while the b i (ν) encode the ν-dependence that is completely known at 3PN, while only partially known at 4PN because the corresponding waveform calculation is not completed yet. The ν-dependence beyond 3PN is formally incorporated by extending the analytically known ρ m function with additional ν-dependent coefficients and then reflects in the coefficients b i (ν). Among these coefficients, those that depend on the parameters that we have introduced in the computation are
In the following analysis, we fix to zero a c 6 as well as all the yet uncalculated, ν-dependent, PN waveform coefficients entering Eq. (4) above. This entitles us to use the definition of quasi-5.5PN approximant (this PN-order choice is discussed in Appendix A and resumed in Fig. 5 ). Note however that in the NR-informed EOB model, that we shall use to check the reliability of this quasi-5.5PN approximant, all the waveform coefficients are equally fixed to be zero; on the contrary, a c 6 is informed by NR simulations and, as such, effectively takes into account, to same extent, all this missing analytical information. The importance of the ν-dependent waveform coefficients is, a priori, expected to be low, as suggested in Table II of [29] . This is in accord with the fact that an eventual tuning of some free parameters is better when they tend to be small (see Appendix A). Let us now study the performance of TaylorF2 at 5.5PN versus the full EOB phasing. We do so by comparing the corresponding Q ω functions and taking the differences, similarly to what was done in Ref. [22] for isolating the tidal part of the EOB phasing and in Ref. [18] for isolating the quadratic-in-spin part. Since we have in mind an application to a paradigmatic BNS system, Fig. 1 only focuses on the q = 1 case. We show our results in terms of differences between the EOB and the PN curves,
The top panel of the figure illustrates the full phasing acceleration evolution, up to the peak of the EOB orbital frequency that is identified with the merger. The bottom panel is a close up on the inspiral part. The vertical lines corresponds (from left to right) to 10Hz, 20Hz, 718Hz and 1024Hz for a fiducial equal-mass BNS system with (1.35 + 1.35)M . The 718Hz line corresponds toω = 0.06, that roughly corresponds to the NR contact frequency [30] . The figure highlights that the quasi-5.5PN approximant delivers a rather good representation of the point-mass EOB phasing precisely up toω = 0.06. Table I reports the phase difference 
III. APPLICATION TOΛ INFERENCE
We focus now on a BNS system to study the implication of changing the PN-accuracy of the point-mass baseline on the estimate of the tidal polarizability parameter Λ = 16 13
where quadrupolar Love number [31] [32] [33] [34] .
We construct equal-mass EOBNR hybrid BNS waveforms by matching the TEOBResumS EOB tidal model [16] to state-of-the-art NR simulations of the CoRe collaboration [22] . Note that the version of TEOBResumS used here does not incorporate the analytical developments of Refs. [17, 18] . Two fiducial waveforms are consid-ered here corresponding to two nonspinning, equal-mass (1.35M + 1.35M ) BNS models described by the SLy and H4 EOS. The corresponding values of the tidal parameters areΛ = 392.231 (Sly EOS) andΛ = 1110.5 (H4 EOS) [For equal massesΛ = Λ 1 = Λ 2 .] The waveforms are injected at SNR of 30 and 100 into a fiducial data stream of the LIGO detectors [35] . We assume the projected noise curve for the Advanced LIGO detectors in the zero-detuned high-power configuration (ZDHP) [36] and no actual noise is added to the data.
The injected waveform is recovered with three approximants: (i) IMRPhenomD NRTidal [22] , where the point-mass orbital phasing is obtained by a suitable representation of hybridized EOB/NR BBH waveforms, the PhenomD approximant [37] ; (ii) TaylorF2 where the 3.5PN orbital phase is augmented by the 6PN (next-to-leading) tidal phase [38] ; (iii) the same as above where the 3.5PN orbital, nonspinning, phase is replaced by the quasi-5.5PN one. The models are implemented in the LSC Algorithm Library Suite (LALSuite). The LIGO-Virgo parameter-estimation algorithm LALInference [39] ) is then employed to extract the binary properties from the signal. We use a uniform prior distribution in the interval [1M , 3M ] for the component masses, and a uniform prior between −1 and 1 for both dimensionless aligned spins. We also pick a uniform prior distribution for the individual tidal parameters Λ 1,2 between 0 and 5000.
The outcome of the analysis is illustrated in Fig. 2 for the SLy EOS and and Fig. 3 the H4 EOS. We compare the inference of the tidal parameter done on two frequency intervals, [24, 1024] Hz and [32, 1024] . Note that we do not extend the analysis interval even further because we know that the orbital part of the TaylorF2 approximants becomes largely inaccurate at higher frequencies. For SNR = 30 one finds that the 3.5PN orbital baseline induces a clear bias inΛ, while the quasi-5.5PN one agrees much better with the PhenomD model as well as the expected value (vertical line in the plots). Incrementing the SNR to 100, the statement only holds for the softer EOS, since for the H4 case also the 5.5PN approximant is biased, although still less than the 3.5PN one. The two figures are complemented by Table II , that, for each choice of configuration and SNR, lists the recovered values with their 90% credible interval. The last row of the table also reports the time needed to generate a single waveform during the PE process: interestingly, the timing of the quasi-5.5PN TaylorF2 is comparable to the one of the 3.5PN approximant, i.e. it remains approximately two times faster than PhenomD NRTidal being consistent with this latter at SNR 30. This suggests that, for events similar to GW170817 or quieter, the quasi-5.5PN TaylorF2 can effectively be used in place of PhenomD NRTidal to get an even faster, yet accurate, estimate of the parameters. 
A. Understanding waveform systematics of the injections via the Qω analysis
Let us finally heuristically explain why the effect of the 3.5PN-accurate orbital baseline is to bias the value ofΛ towards values that are larger than the theoretical expectation. Inspecting Fig. 1 one sees that the Q EOB ω −Q 3.5PN ω is negative. This means that the PN phase accelerates less than the EOB one, namely the inspiral occurs more slowly in the 3.5PN phasing description than in the EOB one. Loosely speaking, one may think that the gravitational interaction behind the 3.5PN-accurate orbital phasing is less attractive than what predicted by the EOB model. Evidently, this effect might be compensated by and additional part in the total PN phasing that stems for a part of the dynamics that is intrinsically attractive and that could compensate for the inaccurate behavior of the 3.5 PN. Since eventually the phase difference is given by an integral, two effects of opposite sign can mutually compensate and thus generate a PN-based frequency phase that is compatible with the EOB one. Since tidal interactions are attractive, the corresponding part of the phasing is naturally able to compensate the repulsive character of the orbital phasing. For this compensation to be effective, it may happen thatΛ has to be larger than the theoretically correct one that accounts for the tidal interaction (at leading order) in the EOB waveform. −0.276 rad. By contrast, if the value ofΛ is progressively increased, the accumulated phase difference between [ω 0 ,ω 1 ] gets reduced up to ∆φ (ω0,ω1) 2.429 × 10 −4 forΛ = 442.987. Note however that such analytically predicted "bias"inΛ depends on the frequency interval considered: if we extended the integration up toω 1 0.08 (corresponding to 957.4 Hz) one finds that a similarly small accumulated phase difference ∆φ 0.002,0.08 5.0×10 −5 is obtained forΛ = 424.08, i.e. the analytical bias is reduced. This fact looks counterintuitive: a result obtained with a PN approximant is not, a priori, expected to improve when including higher frequencies. By contrast, the fact that the analytic bias is (slightly) reduced increasingω 1 just illustrates the lack of robustness as well as the lack of predictive power of the approximant in the strong-field regime. Generally speaking, one sees that the combination of 3.5PN orbital phase with 6PN tidal phase may result in a waveform that is effectual with respect the EOB one, in the sense that the noise-weighted scalar product will be of order unity, but with an incorrect value of the tidal parameter. This simple example is helpful to intuitively understand how the incorrect behavior of the point-mass nonspinning phasing can eventually result in a bias towards larger values ofΛ. Interestingly, this value is close to the value obtained with SNR=100 (see left-bottom panel of Fig. 2) . Although the analysis of Fig. 4 certainly cannot replace an injection-recovery study, it should be kept in mind as a complementary tool to interpret its outcome within a simple, intuitive but quantitative, framework.
IV. CONCLUSIONS
Our results can be summarized as follows:
1. Starting from the EOB resummed expressions for the energy flux and energy along circular orbits, we have computed a TaylorF2 point-mass, nonspinning, approximant at formal 5.5PN order. Such quasi-5.5PN approximant depends on some, yet uncalculated, ν-dependent, PN parameters that are set to zero.
2. Among various truncations of the 5.5PN approxi-mant (3.5PN, 4PN, 4.5PN, 5PN , see Appendix A, we have found that the 5.5PN phasing performs best when compared with the complete pointmass phasing obtained with TEOBResumS. Such phasing comparison was done exploiting its gaugeinvariant description through the Q ω =ω 2 /ω function. The main outcome of this analysis is that the EOB-derived quasi-5.5PN approximant is remakably close to the complete EOB phasing up to the late inspiral (e.g.ω 0.06) and performs better than the standard (analytically complete) 3.5PN one. We tested that the performaces remain robust for unequal masses up to q = 2 and aligned spin cases with dimensionless spin magnitudes up to χ ∼ ±0.1.
3. To assess the use of the 5.5PN approximant in GW parameter estimations, we considered injection studies with hybrid waveforms of GW170817-like sources. The improved TaylorF2 point-mass baseline reduces (or even eliminates) the biases on the measurability of the tidal polarizability parameter Λ instead produced by the use the standard 3.5PN point-mass baseline. Therefore, the new 5.5PN approximant can be faithfully and effectively used in matched filtered searches and Bayesian parameter estimation.
We recommend to use the new quasi-5.5PN approximant to improve the performance of the TaylorF2 and substitute it to the 3.5PN in searches/parameter estimation.
To ease this task, we have implemented all the new PN terms up to 5.5PN in the LSC Algorithm Library Suite (LALSuite).
The performances of the 5.5PN approximant could be further improved towards higher frequencies by carefully tuning some of the free parameters. A preliminary investigation based on a equal masses nonspinning BNS is presented at the end of Appendix A). We find that by tuning the 5PN parameter a c 6 and the 4PN coefficient c 4PN 22 entering the = m = 2 waveform amplitude, the phase difference between such flexed PN approximant and the EOB phasing is negligible essentially up to merger. This indicates that, while the PN series keeps oscillating even when high order terms come into play, future work might be devoted to effectively minimize such oscillations by suitably tuning such parameters.
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With this PN order, the first natural question that follows is whether there is some simple way to improve the accuracy of the approximant just by tuning some of its (many) free parameters. Before entering this discussion, the simplest thing to do is to incorporate more analytical information ,e.g. instead of using a Table III. or even the numerical-relativity informed one [43] a c 6,NR (ν) = 3097.3ν 2 − 1330.6ν + 81.38.
Although these two functions encode physically correct effect (though only effectively for a c 6,NR (ν)) they turn out, both, to increase the repulsive character of the approximant, without any real advantage. In practice, when the values above are used, one get an acceptable EOB/PN agreement only up toω ≈ 0.02.
From the PN point of view, we expect from Table II of [29] that the order of magnitude of the various c PN m coefficient is small. This is the rational behind our conservative choice of simply setting then to zero. Still, one could think to use some of these coefficients, as well as a as tunable parameter and investigate whether it is possible to flex the quasi-5.5PN TaylorF2 approximant so as to reduce the EOB/PN disagreement even to frequencies higher than 0.06.
As a proof of principle, we explored that this is the case considering the q = 1 case and flexing, at the same time, both a c 6 and c Increasing the mass ratio or the spins (to mild values) of the binary does not affect the robustness of the quasi-5.5PN, untuned, approximant. In Fig. 6 we see that the difference between the "exact" numerical Q ω and the analytical one is still approximately flat for a qualitatively wide range of frequencies. Beyond that, for what concerns the spin, we show in Figs. 7 a qualitative point-mass BNS case with realistic positive and negative spins. In this case we put to zero the quadrupole-monopole interaction terms, C Q1 = C Q2 = 0, removing the quadraticin-spin PN corrections both in the numerical TEOBResumS model and in the analytical approximant. So contribution of the mixed χ 1 χ 2 terms and the spin-orbit interaction is tested, including for completeness also the new 4PN spin-orbit Taylor-F2 term computed in Ref. [18] , i.e. the Q ω analogue of Eq. (48) there. While the spinorbit terms are already contained in TEOBResumS in a resummed form, we neglect the spin cube and spin quartic PN corrections (see [18] ) for simplicity, since their effect does not affect our preliminary robustness test.
